Main {#Sec1}
====

Acute lung injury (ALI) and its more severe form, the acute respiratory distress syndrome (ARDS), are common complications of liver transplantation and major liver surgery, and thereby significantly contributed to perioperative morbidity and mortality.^[@CR1],\ [@CR2]^ Liver I/R injury may account for this form of ALI, but the underlying mechanisms have not been fully elucidated. Since the lungs are the first capillary bed that is reached by the blood after leaving the hepatic circulation, one proposed mechanism is that ALI may be induced by proinflammatory mediators released from the injured liver into system circulation.^[@CR3],\ [@CR4],\ [@CR5],\ [@CR6],\ [@CR7]^

High-mobility group box protein 1 (HMGB1), originally identified as a DNA-binding protein, is a proximal trigger that is sufficient to induce the release of other cytokines classically associated with mediating inflammatory responses, including tumor necrosis factor-*α* (TNF-*α*), interleukin-1*β* (IL-1*β*), and interleukin-6 (IL-6).^[@CR8]^ Interestingly, HMGB1 was rapidly mobilized and released into system circulation by hepatocytes in the setting of liver I/R injury.^[@CR8],\ [@CR9]^ HMGB1 has also been reported to participate in ALI and lung inflammatory response induced by endotoxin, ventilator, and hemorrhage.^[@CR10],\ [@CR11],\ [@CR12]^ For example, HMGB1 expression in the lung was found to be increased within 4 h of hemorrhage, and then remained elevated for more than 72 h after blood loss. Blockade of HMGB1 by the administration of neutralizing antibodies prevented hemorrhage-induced increases in pulmonary levels of proinflammatory cytokines, including keratinocyte-derived chemokine, IL-6, and IL-1*β.*^[@CR11]^ However, whether HMGB1 participated in liver I/R injury-induced ALI is still unclear.

Extracellular HMGB1 functions as a damage-associated molecular pattern molecule and activates proinflammatory signaling pathways by activating pattern recognition receptors, including Toll-like receptor 4 (TLR4) and the receptor for advanced glycation end-products (RAGE)^[@CR13],\ [@CR14]^. While RAGE has only a minor role in macrophage activation by HMGB1, the triggering of the TLR4 signaling pathway by HMGB1 leads to the activation of p38 mitogen-activated protein kinase (p38MAPK) through the accessory protein MyD88, which subsequently activates activator protein-1 (AP-1), and thus regulates inflammatory cytokine expression.^[@CR15],\ [@CR16]^ Excessive cytokine-mediated inflammation has a fundamental role in the pathogenesis of ALI.^[@CR17],\ [@CR18]^ In addition, TLR4 is widely distributed in alveolar and bronchial epithelial and vascular endothelial cells in the lung.^[@CR19],\ [@CR20],\ [@CR21]^ We have previously demonstrated that the activation of TLR4 and its downstream intracellular signal-transduction pathways is crucial to lipopolysaccharide (LPS)-induced ALI.^[@CR22],\ [@CR23],\ [@CR24]^ Other studies also reported that TLR4 mutant (C3H/HeJ) mice developed less ALI after unresuscitated hemorrhagic shock or being challenged with LPS.^[@CR25],\ [@CR26]^ Conversely, the overexpression of TLR4 in transgenic mice aggravated ALI and pulmonary inflammation, endothelial cell damage, and the recruitment of neutrophils to the lung.^[@CR27]^ The HMGB1-TLR4 signaling pathway has been strongly implicated in the pathogenesis of small intestinal damage induced by nonsteroidal anti-inflammatory drugs and other forms of ALI.^[@CR9],\ [@CR11]^

Thus, we hypothesized that HMGB1 may be involved in ALI and lung inflammation, and its downstream TLR4, p38MAPK, and AP-1 signaling pathways may act as potentially important mediators in the development of ALI. In this study, a rat liver I/R injury model was used to induce ALI. The levels of serum and pulmonary HMGB1 were examined. To study the role of TLR4 and its downstream p38MAPK and AP-1 signaling pathways in the pathogenesis of liver I/R injury-induced ALI, TLR4-small hairpin RNA (shRNA) lentivirus were used to inhibit TLR4 expression in rat lung tissue.

MATERIALS AND METHODS {#Sec2}
=====================

Ethics Statement {#Sec3}
----------------

All animal work was approved by the Animal Care and Use Committee of the Shanghai Jiaotong University School of Medicine. All animals received humane care in accordance with the guidelines for animal care published by the United States' National Institutes of Health (NIH) for animal care (Guide for the Care and Use of Laboratory Animals, Department of Health and Human Services, NIH Publication No. 86-23, revised 1985).

ShRNA Lentivirus Vector of the *TLR4* Gene {#Sec4}
------------------------------------------

ShRNA targeting *Rattus norvegicus TLR4* gene (shTLR4; GenBank accession no.: [NM_019178](http://www.ncbi.nlm.nih.gov/nuccore/?term=NM_019178)) and non-targeting shRNA (shNT) sequences were designed, chemically synthesized, and inserted into the pGCSIL-GFP by Shanghai Genechem Co. Ltd (Shanghai, China). The targeted sequences of *TLR4* and non-targeting negative control were 5′-AACCTAGAACATGTGGATCTT-3′ and 5′-TTCTCCGAACGTGTCACGT-3′, respectively. Then, the recombinant virus was packaged using Lentivector Expression Systems (Shanghai GeneChem Co. Ltd). The correct clone was identified by *Age*I and *Eco*RI restriction digestion and sequenced.

Experimental Animals and Groups {#Sec5}
-------------------------------

Transfection efficiency of lentivirus was investigated by bioluminescence imaging, and best transfection efficiencies were observed at 20 days after lentivirus infection (data not shown). In this study, a total of 36 male Sprague--Dawley rats (180--220 g), purchased from Sino-British SIPPR/BK Lab (Shanghai, China), were randomly divided into six groups (*n*=6 per group): *Control group (Group Control)*: Animals in this group were administered with 0.25 ml normal saline (NS) through intratracheal injection and received sham operation 20 days later.*Liver I/R injury group (Group I/R)*: Animals in this group were administered with 0.25 ml NS through intratracheal injection and received liver I/R injury operation 20 days later.*Negative control group (Group shNT)*: These animals were infected with 0.25 ml NS solution containing 1 × 10^8^ TU negative control shRNA lentivirus through intratracheal injection and received sham operation 20 days later.*Positive control group (Group shNT+I/R)*: These animals were infected with 0.25 ml NS solution containing 1 × 10^8^ TU negative control shRNA lentivirus through intratracheal injection and received liver I/R injury treatment 20 days later.*TLR4 inhibition group (Group shTLR4)*: Animals in this group were infected with 0.25 ml NS solution containing 1 × 10^8^ TU TLR4-shRNA lentivirus through intratracheal injection and received a sham operation 20 days later.*TLR4 inhibition group with liver I/R injury treatment (Group shTLR4+I/R)*: Animals in this group were infected with 0.25 ml NS solution containing 1 × 10^8^ TU TLR4-shRNA lentivirus through intratracheal injection and received liver I/R injury treatment 20 days later.

Liver I/R Injury Model {#Sec6}
----------------------

Liver I/R injury were performed according to the method described by Yamamoto *et al*^[@CR28]^ with minor modification. Briefly, rats were anesthetized with pentobarbital sodium (100 mg/kg) and the depth of anesthesia was checked by monitoring the pedal withdrawal reflexes and the corneal reflex. When the mouse was sufficiently anesthetized, a 2-cm midline abdominal incision was made. Vascular structures to the left and median lobe liver were identified and clamped for 90 min using a vascular clamp. After 90 min of warm ischemia, the clamps were removed to allow reperfusion for 18 h. The rats received approximately 5 ml of NS intraperitoneally before closure of the incision.^[@CR6],\ [@CR7],\ [@CR29]^ And, the rats were allowed to regain consciousness during reperfusion period. The sham procedure was performed identically without vascular occlusion.

Arterial Blood Gas Measurements {#Sec7}
-------------------------------

As a physiologic measure of lung function, gas exchange was calculated as *P*aO~2~/FiO~2~ (P/F ratio), where *P*aO~2~ is the partial pressure of oxygen in the arterial blood and FiO~2~ is the fraction of inspired oxygen and is equal to 21% by experimental design. Briefly, the rats were sufficiently anesthetized and breathing spontaneously of room air at baseline and 18 h after liver reperfusion. Then, the arterial blood was obtained (0.3 ml) in heparinized syringes from femoral artery. To get *P*aO~2~ values, the sample was measured with a GEM Premier 3000 gas analyzer (Instrumentation Laboratory, Milan, Italy) immediately.

Histopathological Analysis {#Sec8}
--------------------------

Changes in the lung tissue were examined morphologically as described previously.^[@CR23]^ Briefly, the lung tissue were immersed in a 4% solution of paraformaldehyde in PBS and were fixed for 24 h. Sections of 6 *μ*m thick were cut, deparaffinized, rehydrated, and stained with hematoxylin and eosin. The degree of microscopic injury was graded on a scale of 0--4 (0, absent and appears normal; 1, light; 2, moderate; 3, strong; 4, intense) for interstitial edema and neutrophil infiltration.^[@CR12]^ Moreover, a total lung injury score was calculated as the sum of the two components (three sections from each lung). Evaluations were performed by a pathologist blind to experimental groups using an Olympus CH30 microscope.

Enzyme-Linked Immunosorbent Assay {#Sec9}
---------------------------------

The levels of serum HMGB1 were measured with commercial HMGB1 Enzyme-Linked Immunosorbent Assay (ELISA) Kit Π (Type B; Shino-Test Corporation, Tokyo, Japan). Blood samples (1 ml) were collected from femoral artery before liver ischemia and 18 h after liver reperfusion, and centrifuged at 3000 *g* for 10 min at 4 °C to collect serum. The serum was kept at −80 °C until analyzed.

The levels of IL-1*β* in the lung tissue were measured with commercial ELISA kits (R&D Systems, Minneapolis, MN, USA). Lung tissue were perfused with ice-cold PBS at 18 h after liver I/R injury and washed three times in PBS, homogenized, centrifuged at 11 000 *g* at 4 °C for 15 min, and the supernatant was obtained. The supernatant fraction was kept at −80 °C until analyzed. Before ELISA analysis, protein was quantified with a BCA Protein Assay Kit (Tiangen, Beijing, China).

Western Blot Analysis {#Sec10}
---------------------

Protein extraction and concentration determination were the same as described in ELISA. Samples of 30 *μ*g were run on 10% SDS-PAGE. The proteins were then electrotransferred onto nitrocellulose filter membranes. The membranes were incubated in PBS containing 5% non-fat dry milk for 4 h at 25 °C. The blots were then incubated for 2 h at 25 °C with primary antibodies for HMGB1 (1:500; Abcam, USA), TLR4 (1:1000; Cell Signaling Technology, USA), phospho-p38 (1:1000, Abcam) or *β*-actin (1:500; Epitomics, USA), and then incubated with IRDye 800CW-conjugated goat anti-rabbit secondary antibody (1:5000; Rockland, USA) for 1 h at 25 °C. The infrared fluorescence image was obtained using Odyssey infrared imaging system (Li-Cor Bioscience, Lincoln, NE, USA), and the bands were quantified using image-Pro Plus 5.1 software. Experiments were repeated at least three times and the relative expression of the target protein was normalized to the level of *β*-actin in the same sample.

Real-Time Quantitative PCR Analysis {#Sec11}
-----------------------------------

Total RNA was extracted from the lung tissue (*n*=6 each group) using the TRIzol method (Invitrogen, Carlsbad, CA, USA). With the use of 1 *μ*g total RNA, the first strand of cDNA was synthesized by the AMV enzyme in a 20-*μ*l reaction mixture (Takara, Otsu, Japan). Utilizing 2 *μ*l of reverse transcriptase products, real-time quantitative PCR was performed in a final volume of 20 *μ*l using the gene-specific primers. The following primers designed with Primer Express Software were used: rat HMGB1---5′-TCCCCTACTAAAGACCTGAGAATG-3′ (sense) and 5′-TTTATCCGCTTTCCTTGTATCTG-3′ (antisense); rat TLR4---5′-CAGGGAGCACGAGGCTTCTAACC-3′ (sense) and 5′-CTTGTGCCCTGTGAGGTCGTTGA-3′ (antisense); and rat GAPDH---5′\--AGACCTCTATGCCAACACAGTGC-3′ (sense) and 5′-GAGCCACCAATCCACACAGAGT-3′(antisense). Amplification was processed as follows: 95 °C, 30 s, 1 cycle; 95 °C, 3 s and 60 °C (HMGB1) or 62 °C (TLR4), 30 s for 40 cycles, and then the melting curve was determined. Gene transcripts were quantified with SYBR Premix Ex Taq Kit (Takara). Data were calculated by the 2^−ΔΔCT^ method and presented as fold change of transcripts for the HMGB1 and *TLR4* gene in the lung tissue of other groups compared with sham-operated rats (defined as 1.0-fold). Rat GAPDH was used as an internal control. The relative expression of the target gene was normalized to the level of GAPDH in the same cDNA.

Electrophoretic Mobility Shift Assay {#Sec12}
------------------------------------

Nuclear extracts of the lung tissue were prepared with the Pierce Nuclear and Cytoplasmic Extraction Reagent Kit (Pierce) according to the manufacturer's instructions and quantified using the BCA kit (Pierce). Electrophoretic mobility shift assay (EMSA) was performed as described previously with minor modification.^[@CR23]^ In brief, the AP-1 consensus oligonucleotide probe (5′-CGCTTGATGACTCAGCCGGAA-3′) was end-labeled with DIG (Roche Applied Science, Indianapolis, IN, USA). After incubation of the nuclear protein (30 *μ*g) with the DIG-labeled oligonucleotide probe, the DNA--protein complexes were resolved on an 8% non-denaturing polyacrylamide gel, electrophoresed, dried, and electrotransferred to nitrocellulose filter membranes. Chemiluminescence detection of DIG-labeled DNA--protein complexes on the nylon membranes was detected using Hyperfilm ECL (Amersham, GE Health Care, Piscataway, NJ, USA). A quantitative densitometric analysis was performed using Quantity One 4.4, and then normalized to the control group to determine the fold change.

Statistical Analysis {#Sec13}
--------------------

All values are expressed as means±s.d. Results of serum HMGB1 and P/F ratio were analyzed by paired Student's *t*-test. All the other results were analyzed by ANOVA, followed by Tukey's method. Two-sided *P*\<0.05 was considered statistically significant.

RESULTS {#Sec14}
=======

Expression of TLR4 in Lung Tissue {#Sec15}
---------------------------------

To investigate TLR4 expression in the lung tissue, real-time quantitative PCR and western blot analysis were used to detect TLR4 mRNA and protein expression in the lung tissue at 18 h after operation, respectively (*n*=6). Compared to lung tissue from the shNT group, TLR4 mRNA expression decreased significantly in the lung tissue from the shTLR4 group, which indicated a valid inhibition of TLR4 in the lung tissue by TLR4-shRNA lentivirus (0.56±0.18 *vs* 1.04±0.29). At 18 h after operation, liver I/R injury significantly increased TLR4 mRNA expression in the lung tissue from I/R and shNT+I/R groups compared to the control group. However, only a slight increase of TLR4 mRNA was observed in the lung tissue from shTLR4+I/R after liver I/R injury, and the increase was not significant. When compared to the shNT+I/R group, the expression of TLR4 mRNA in the lung tissue from the shTLR4+I/R group were significantly lower ([Figure 1a](#Fig1){ref-type="fig"}). Similar results were found in protein expression of TLR4 ([Figure 1b](#Fig1){ref-type="fig"}).Figure 1Expression of Toll-like receptor 4 (TLR4) in the lung tissue from rats at 18 h after liver ischemia/reperfusion (I/R) injury or sham operation. TLR4 mRNA (**a**, real-time PCR) and protein (**b**, western blot) expression levels in the lung tissue from rats at 18 h after liver I/R injury or sham operation. \**P*\<0.05 compared with the control group; ^†^*P*\<0.05 compared with the non-targeting short hairpin RNA (shNT) group; ^\#^*P*\<0.05 compared with the shNT+I/R group. Relative levels of TLR4 mRNA to the control group are normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH), and relative levels of TLR4 protein to the control group are normalized to *β*-actin. Data are expressed as means±s.d.. Blots shown here are from a representative experiment repeated three times with similar results (*n*=6 per group). Control, control group; I/R, liver I/R injury group; shNT, negative control group; shNT+I/R, positive control group; shTLR4, TLR4 inhibition group; shTLR4+I/R, TLR4 inhibition group with liver I/R injury treatment.

ALI and Lung Inflammatory Response after Liver I/R Injury {#Sec16}
---------------------------------------------------------

To examine whether ALI was induced by liver I/R injury, we performed lung histological analysis at 18 h after operation (*n*=6 in each group). As shown in [Figure 2a](#Fig2){ref-type="fig"}, normal lung structure was found in the control group. Lung tissue from the I/R group displayed a feature of lung injury, including alveolar septal thickening, interstitial edema, and vascular congestion, as well as a mild neutrophil infiltration in the interstitium. No pathological changes were observed in the lung tissue from rats of shNT and shTLR4 groups. While lung tissue from rats receiving shNT+I/R treatment displayed similar injury compared to those from the I/R group, coadministration of shTLR4 markedly attenuated the liver I/R injury-induced pulmonary neutrophil infiltration and interstitial edema. As shown in [Figure 2b](#Fig2){ref-type="fig"}, these results were also confirmed by histological scores.Figure 2Acute lung injury and inflammation at 18 h after liver ischemia/reperfusion (I/R) injury or sham operation. (**a**) Morphological analysis of acute lung injury at 18 h after liver I/R injury ( × 100); (**b**) changes in lung histological scores; (**c**) *P*aO~2~/FiO~2~ (P/F) ratios were obtained at baseline and 18 h after liver I/R injury; (**d**) interleukin (IL)-1*β* levels in the lung tissue from rats at 18 h after liver I/R injury. \**P*\<0.05, \*\**P*\<0.01 compared to the control group; ^\#^*P*\<0.05 compared to non-targeting short hairpin RNA (shNT)+I/R group; ^§^*P*\<0.05 compared to baseline. Data are expressed as means±s.d. (*n*=6 per group). Control, control group; I/R, liver I/R injury group; shNT, negative control group; shNT+I/R, positive control group; shTLR4, TLR4 inhibition group; shTLR4+I/R, TLR4 inhibition group with liver I/R injury treatment.

P/F ratio, one of the markers for lung injury, was determined at baseline and 18 h after operation ([Figure 2c](#Fig2){ref-type="fig"}; *n*=6 in each group). All groups displayed normal P/F ratio at baseline. Compared to baseline, P/F ratios were significantly lower after liver I/R injury in both I/R and shNT+I/R groups, whereas not found in the shTLR4+I/R group.

In addition, the levels of IL-1*β* in the lung tissue were used to describe the extent of lung inflammatory response. Expression of IL-1*β* in the lung tissue from I/R, shNT+I/R, and shTLR4+I/R groups increased significantly 18 h after surgery. Interestingly, IL-1*β* in the lung tissue from the shTLR4+I/R group displayed a lower level at 18 h after liver I/R injury when compared to the shNT+I/R group (*n*=6; [Figure 2d](#Fig2){ref-type="fig"}).

Liver I/R Injury Increased Serum and Lung HMGB1 Levels {#Sec17}
------------------------------------------------------

To investigate whether HMGB1 was released to the serum after liver I/R injury, serum HMGB1 levels were measured ([Figure 3a](#Fig3){ref-type="fig"}, *n*=6). At baseline, there were no significant differences among these groups. Serum HMGB1 levels in I/R, shNT+I/R, and shTLR4+I/R groups increased significantly at 18 h after liver I/R injury when compared to its corresponding baseline. And, no significant differences were found between shNT+I/R and shTLR4+I/R groups after liver I/R injury. Sham operation did not increase serum HMGB1 levels in control, shNT, and shTLR4 groups.Figure 3Expression of high-mobility group box protein 1 (HMGB1) in serum and lung tissue from rats at 18 h after liver ischemia/reperfusion (I/R) injury or sham operation. Serum HMGB1 levels at baseline and 18 h after liver I/R injury (**a**); relative mRNA (**b**) and protein (**c**, western blot) expression in the lung tissue at 18 h after liver I/R injury were determined by real-time quantitative polymerase chain reaction (PCR) and western blot, respectively. \**P*\<0.05, \*\**P*\<0.01 compared to the control group; ^§^*P*\<0.01 compared to baseline. Relative levels of HMGB1 mRNA to the control group are normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH), and relative levels of HMGB1 protein to the control group are normalized to *β*-actin. Data are expressed as means±s.d. Blots shown here are from a representative experiment repeated three times with similar results (*n*=6 per group). Control, control group; I/R, liver I/R injury group; shNT, negative control group; shNT+I/R, positive control group; shTLR4, TLR4 inhibition group; shTLR4+I/R, TLR4 inhibition group with liver I/R injury treatment.

We also examined relative mRNA and protein expression of HMGB1 in the lung tissue. As is shown in [Figure 3b](#Fig3){ref-type="fig"}, relative levels of HMGB1 mRNA in the lung tissue from I/R, shNT+I/R, and shTLR4+I/R groups increased significantly at 18 h after liver I/R injury when compared to the control group, respectively. Western blot analysis showed that protein levels of HMGB1 in the lung tissue at 18 h after operation were in parallel with mRNA expression ([Figure 3c](#Fig3){ref-type="fig"}). Both mRNA and protein levels of HMGB1 in the lung tissue were similar between shNT+I/R and shTLR4+I/R groups.

Expression of Phospho-P38 in Lung Tissue {#Sec18}
----------------------------------------

Relative expression of phospho-p38 in lung tissues at 18 h after operation was also measured by western blot analysis ([Figure 4a](#Fig4){ref-type="fig"}). Compared to the control group, protein levels of phospho-p38 in the lung tissue from I/R and shNT+I/R groups increased significantly. However, only a slight increase of phospho-p38 was observed in the lung tissue from shTLR4+I/R after liver I/R injury, and the increase was not significant when compared to the control group. In addition, the expression of phospho-p38 protein in the lung tissue from the shTLR4+I/R group were significantly lower when compared to the shNT+I/R group.Figure 4Activation of p38 mitogen-activated protein kinase (p38MAPK) and activator protein-1 (AP-1) in the lung tissue from rats at 18 h after liver ischemia/reperfusion (I/R) injury or sham operation. (**a**) Expression of phospho-p38 in the lung tissue from rats at 18 h after liver I/R injury was determined by western blot. Relative levels of phospho-p38 protein to the control group are normalized to *β*-actin. Blots shown here are from a representative experiment repeated three times with similar results. (**b**) AP-1 activity was evaluated with electrophoretic mobility shift assay (EMSA) with representative image shown. \**P*\<0.05, \*\**P*\<0.01 compared to the control group; ^\#^*P*\<0.05 compared to the shNT+I/R group. Data are expressed as means±s.d. (*n*=6 per group). Control, control group; I/R, iver I/R injury group; shNT, negative control group; shNT+I/R, positive control group; shTLR4, TLR4 inhibition group; shTLR4+I/R, TLR4 inhibition group with liver I/R injury treatment.

Liver I/R Injury Induced Activation of AP-1 {#Sec19}
-------------------------------------------

The results from EMSA showed that AP-1 activity was low in nuclear extracts of lung tissues from control, shNT, and shTLR4 rats. AP-1 activity increased significantly in the I/R group, shNT+I/R group, and shTLR4+I/R group when compared to the control group. Compared to the shNT+I/R group, AP-1 was less activated in the lung tissue from the shTLR4+I/R group ([Figure 4b](#Fig4){ref-type="fig"}).

DISCUSSION {#Sec20}
==========

ALI and ARDS are common complications after liver transplantation and after major liver surgery, and thereby significantly contribute to perioperative morbidity and mortality.^[@CR1],\ [@CR2]^ This form of lung injury has been attributed to hepatic I/R injury, but the underlying mechanisms have not been fully elucidated.^[@CR3],\ [@CR4],\ [@CR5]^ The aim of this study was to investigate whether HMGB1 was involved as a stimulating factor, and whether TLR4, p38MAPK, and AP-1 signaling pathways act as mediators in the development of liver I/R injury induced ALI. We found that levels of serum and lung HMGB1 increased significantly after liver I/R injury; that TLR4, p38MAPK, and AP-1 signaling pathways were activated in the pathologic process of liver I/R injury-induced ALI; and that ALI and lung inflammatory response can be attenuated by knockdown of TLR4 in the lung tissue. These results suggest that HMGB1 might be involved as a stimulating factor in liver I/R injury-induced ALI, and its downstream TLR4, p38MAPK, and AP-1 signaling pathways mediate this form of ALI.

To investigate whether liver I/R injury can induce lung inflammatory response and ALI, we used a classical rat liver I/R injury model. Features characteristic of lung injury were found after liver I/R injury by histological analysis, which was also confirmed by significantly decreased P/F ratios. Pulmonary levels of IL-1*β* were also significantly higher after liver I/R injury compared to the control group, which indicated lung inflammatory response. Similar results were found in previous studies; liver I/R injury induced lung edema, pulmonary neutrophil accumulation, and inflammatory chemokine expression.^[@CR3],\ [@CR4],\ [@CR30]^ In this study, P/F ratio was used as an index to characterize the ALI, and has not been reported previously. As stated above, our findings strongly suggested that liver I/R injury would ultimately lead to lung inflammatory response and ALI.

It has been demonstrated that liver I/R injury results in the activation of several inflammatory pathways, such as those for free radicals, cytokines, and neutrophil-mediated tissue damage.^[@CR31]^ The lung is frequently damaged by proinflammatory mediators released from the injured liver after liver IR, as the lungs are the first capillary bed that is reached by the blood after leaving the hepatic circulation.^[@CR3],\ [@CR4],\ [@CR5],\ [@CR6],\ [@CR7]^ HMGB1 was recently found to act as a potent proinflammatory cytokine and participated in the development of systemic inflammatory response, when it was released into the extracellular environment.^[@CR32],\ [@CR33]^ HMGB1 was also found to be involved in many other types of ALI, such as endotoxin, ventilator, and hemorrhage-induced ALI.^[@CR10],\ [@CR11],\ [@CR12]^ Interestingly, HMGB1 was reported to rapidly mobilize and release into system circulation from damaged liver in the setting of liver I/R injury.^[@CR34],\ [@CR35]^ Previous studies also demonstrated that serum HMGB1 level remained elevated until 12 h after reperfusion, and that the removal of excessive serum HMGB1 with adsorption column improved the lung injury score.^[@CR28]^ Whether or not HMGB1 was transported to the lung and whether downstream signaling pathways in lung were activated was not investigated. In this study, similar results were obtained; serum HMGB1 increased significantly after liver I/R injury. More importantly, HMGB1 protein was found to be significantly higher in the lung tissue, which suggests that HMGB1 might be transported to lung tissue by systemic circulation. In addition, HMGB1 was reported to be released from macrophages and monocytes after exposure to proinflammatory cytokines.^[@CR36],\ [@CR37],\ [@CR38],\ [@CR39]^ Given that proinflammatory cytokines might be transported to lung tissue after liver I/R injury,^[@CR3],\ [@CR4],\ [@CR5],\ [@CR6],\ [@CR7]^ lung cells might be activated by proinflammatory cytokines and then release HMGB1.^[@CR40],\ [@CR41]^ For this reason, we examined HMGB1 mRNA in the lung tissue, and found that HMGB1 mRNA was significantly increased in the lung tissue after liver I/R injury. These results suggest that HMGB1, both released passively from damaged liver and actively from lung cells, might be involved in activating lung inflammatory response in liver I/R injury-induced ALI. Future experiments using an HMGB1-neutralizing antibody may help reveal its role in liver I/R injury-induced ALI.

The Toll-like receptor family is one of the best-characterized pattern recognition receptor families and is responsible for sensing invading pathogens. HMGB1 activates inflammatory pathways by stimulating TLR4 in many types of tissue injuries.^[@CR42],\ [@CR43]^ Our previous work,^[@CR22],\ [@CR23],\ [@CR24]^ as well as the work of others,^[@CR25],\ [@CR26],\ [@CR27]^ indicated that TLR4 mediates many forms of ALI, such as hemorrhagic shock-induced ALI and LPS-induced ALI. Overexpression of TLR4 in the lung tissue amplifies the severity of LPS-induced ALI. In this study, TLR4 mRNA and protein expression increased significantly in the lung tissue 18 h after liver I/R injury. Interestingly, liver I/R injury-induced lung damage, decrease of P/F ratio, and lung inflammatory response were significantly attenuated by knockdown of pulmonary TLR4. To our knowledge, this is the first time to report that TLR4 was involved in the pathogenesis of liver I/R injury-induced ALI.

We further investigated whether pulmonary TLR4 activation leads to activation of its downstream p38MAPK and AP-1 signaling pathways, which are considered to be important in regulating inflammatory response.^[@CR15],\ [@CR16]^ In this work, activation of p38MAPK in the lung tissue enhanced significantly after liver I/R injury, and the increases were inhibited by TLR4 knockdown, which implies that p38MAPK signaling pathway might contribute to liver I/R injury-induced ALI. Activation of AP-1 in the lung tissue also increased after liver I/R injury, which was suppressed by TLR4 knockdown, indicating the involvement of AP-1 in TLR4-mediated lung inflammation after liver I/R injury. Activation of p38MAPK by TLR4 was reported to upregulate the inflammation-related genes and stimulated the release of IL-6, TNF, CXCL2, and CXCL10 protein in the lungs.^[@CR40]^ TLR4 mediated-activation of p38MAPK was also contributed to HMGB1-induced human lung endothelial cell cytoskeletal rearrangement and barrier disruption.^[@CR41]^ Moreover, AP-1 is a critical transcription factor required for the expression of many cytokines involved in the pathogenesis of ALI.^[@CR23],\ [@CR44]^ Considering the roles of HMGB1, TLR4, p38MAPK, and AP-1 signaling pathways in ALI and lung inflammation, our findings implicated p38MAPK and AP-1 signaling pathways as potentially important mediators of the classic TLR4/MyD88 signal-transduction pathways involved in lung inflammatory injury after liver I/R injury. In addition, activation of TLR4 can also activate other intracellular signaling systems, including the extracellular signal-regulated kinase (ERK), c-Jun NH2-terminal kinase (JNK), as well as the nuclear factor kB (NF-*κ*B) pathways, all of which are pivotal regulators of inflammatory immune responses and cell survival and death.^[@CR45]^ Furthermore, studies are needed to investigate the involvements of ERK, JNK, and NF-*κ*B in liver I/R injury-induced ALI.

In conclusion, our study suggests that HMGB1 might be a stimulating factor in liver I/R injury-induced ALI, and that its downstream TLR4, p38MAPK, and AP-1 signaling pathways are potentially important mediators in the development of ALI. Thus, blocking HMGB1 or inhibiting TLR4, p38MAPK, and AP-1 signaling pathways may be a useful therapeutic option against liver I/R injury-induced ALI.

Acute lung injury (ALI) is caused by pro-inflammatory mediators released from damaged liver after liver ischemia/reperfusion (I/R). This paper reveals that high mobility group box protein 1 (HMGB1), a pro-inflammatory cytokine, contributes to the mechanism for liver I/R injury-induced ALI via toll-like receptor 4 (TLR4), p38 mitogen-activated protein kinase (p38MAPK), and activator protein-1 (AP-1) signaling pathways.
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